The negative correlation between fattening and laying performance prevents breeding improvement in both laying performance and meat yield. Therefore, specialized chicken lines have been bred in order to achieve either an efficient production of highquality eggs or high growth rates. As a result, dayold male chicks are culled in the layer hatchery, which poses animal welfare and ethical problems. Breeding companies, scientific groups, and hatcheries are attempting to resolve this issue, with a common aim to find feasible alternatives for the routine killing of male layer chicks. Some approaches aim to influence the sex ratio, while others target at the economically feasible use of the male layer offspring, such as the fattening of "laying hen brothers" or crossbreedings of layers and broilers to create "dual-purpose chickens." Another approach is the sex determination prior to hatch. One of the prerequisites of in ovo sex determination is a practicable method that can be used in industry. The analysis needs to be rapid, costefficient, and highly precise; in addition, negative impacts on hatching rate, animal health, and/or performance parameters should be limited. Furthermore, sex determination should be performed before the sensory nervous system's response of the chick embryo to certain or potentially harmful stimuli is developed, which according to current knowledge is before the d 7 of incubation.
INTRODUCTION
As a highly negative correlation exists between fattening and laying performance, specialized chicken lines have been bred over time that either efficiently produce high-quality eggs or have high growth rates. While both males and females are fattened in broiler production, there is currently no economically worthwhile use of the male offspring of layers. Therefore, day-old male chicks are culled in the layer hatchery, which poses both animal welfare and ethical issues (Ort, 2010; Buhl, 2013) . For some time now, there have been ongoing investigations aiming at the development of animal welfarecompliant strategies that make the killing of day-old male layer chicks either avoidable or at least performed C 2017 Poultry Science Association Inc. Received August 25, 2017 . Accepted November 17, 2017 Corresponding author: krautwald@vogelklinik.uni-leipzig.de in an ethically acceptable and economically feasible manner. During the workshop "Management of newly hatched male chicks from layers" in 2002, participants discussed the current knowledge as well as potential solutions (Damme and Ristic, 2003; Ellendorff and Klein, 2003; Gerken et al., 2003; Hardy, 2003; Kagami, 2003; Nandi et al., 2003; Phelps et al., 2003; Preisinger, 2003; Seemann, 2003; Tiersch, 2003; Klein et al., 2003a,b) . However, so far none of the potential solutions has advanced to the level of practical application. In the current review, different approaches for avoiding the culling of day-old male chicks are discussed.
SEX DETERMINATION IN BIRDS
In birds, contrary to humans and mammals, males are homogametic with 2 Z sex chromosomes, whereas females are heterogametic with 1 Z and 1 W sex chromosome. Sex chromosomes can be heteromorphic as in carinate birds or homomorphic as in the ratites (Smith 749 et al., 2007) . All autosomes in birds are identical for males and females. While the gender-determining chromosome in birds is located within the egg, sex ratio in birds is not manipulable by sperm sexing and subsequent sorting. Göth and Booth (2005) described a temperature-dependent sex ratio in birds in the Australian brush-turkey (Alectura lathami). Molecular sexing of chicks and embryos of Australian brush-turkeys confirmed that male embryo mortality was greater at high temperatures while female embryo mortality is greater at low temperatures in this species (Eiby et al., 2008) . To date, there is no evidence of similar effects on sex ratio or of a temperature-dependent sex determination in the chicken (Collins et al., 2013) . Aslam et al. (2013) sought to correlate the sex of the egg in unincubated eggs to a wide array of egg components (i.e., yolk concentrations of testosterone, estradiol, androstenedione, progesterone, dihydrotestosterone, and glucose, as well as egg weight and dimensions) and the hens' body weight. In addition, they also studied the relationships among all measured parameters. Associations were established between some yolk hormones (progesterone associated with testosterone, estradiol, and androstenedione; androstenedione with testosterone; dihydrotestosterone with estradiol and androstenedione) as well as between yolk testosterone and egg length or egg weight, respectively. No significant overall differences between male and female chicken eggs in any of the measured egg parameters were found. However, some correlations were observed, such as between the sex of the egg and dihydrotestosterone and with hen body weight, which predicted estradiol levels, and also between estradiol levels and egg width for predicting the gender of the egg.
APPROACHES TO INFLUENCE SEX RATIO
In a different study, Aslam et al. (2014) substantially elevated blood plasma corticosterone levels through corticosterone feeding and studied the primary offspring sex ratio (defined as the proportion of male fertile eggs determined in freshly laid eggs, i.e., without egg incubation). Mean plasma corticosterone concentrations were appreciably higher in the treatment group but were not associated with fertility rate, sex ratio, and laying rate. This treatment by itself affected sex ratio as well as laying rate and fertility rate in interaction with hen body mass, but did not affect egg sex. While body mass was negatively associated with laying rate, sex ratio, and fertility rate per hen in the corticosterone group, it had a positive association with sex ratio in untreated hens. These interactions were already evident when taking the body mass at the very start of the experiment, indicating the existence of intrinsic differences between light and heavy hens as far as their reaction to corticosterone treatment goes. The effects on laying rate, fertility rate, and sex ratio suggest that some factors related to body mass act together with corticosterone to modulate ovarian functions.
In yet another study, Aslam et al. (2015) induced a decrease in body condition and egg mass by implementing feed restriction in laying chickens. This led to an overall decline of egg mass. With more severe feed restriction and a steeper decline of egg mass in the second period of treatment (d 9 to 18), the sex ratio per hen (proportion of male eggs) showed a significantly negative association with mean egg mass per hen. Based on this association, 2 groups of hens were selected from the feed restriction group, that is, hens producing male bias with low egg mass and hens producing female bias with high egg mass with overall sex ratios of 0.71 and 0.44, respectively. For these 2 groups of chickens, Aslam et al. (2015) found no significant differences regarding the expressed genes. However, it was shown using gene set enrichment analysis that a number of cellular processes related to cell cycle progression, mitotic/meiotic apparatus, and chromosomal movement were enriched in female-biased hens or high mean egg mass as compared with male-biased hens or low mean egg mass.
USE OF MALE LAYERS FOR MEAT PRODUCTION

Fattening of "Laying Hen Brothers"
To date, there have been different strategies described to avoid culling the male chicks. Koenig et al. (2010 Koenig et al. ( , 2012a performed studies on commercial broilers (Ross 308) and different genotypes of laying-type cockerels: medium heavy, brown-eggshell Lohmann Brown (LB) and Hy-Line Brown (Hyline); light, white-eggshell Lohmann Selected Leghorn (LSL) and Dekalb White (Dekalb). The cockerels were fed standard diets ad libitum and were reared on deep litter. The broilers attained the intended carcass weight of about 650 g after 19 d, the laying-type cockerels after 47 d (LB, Hy-Line) or 49 d (LSL, Dekalb). The results on growth performance showed that it was reasonable to stop fattening duration at this point. Feed conversion was calculated to be 1:1.2 and 1:2.45 for broilers and egg-laying types, respectively. The weights of valuable parts (i.e., breast, legs) were higher for the former than for the latter. It must therefore be concluded that up to now the fattening of "laying hen brothers" does not pay off, as they require more time and food to grow and the pectoral muscle, which is preferred by the consumer, is not comparable to that of a broiler chicken. Furthermore, the carcasses do not match the consumer's vision of an ideal "plump fryer," and require special ways of preparation and cooking. In addition, marketing of "spring chicken" or "laying hen brothers" is challenging, so the fattening of male layer chicks and their marketing must still be considered as a niche production (Koenig et al., 2010 (Koenig et al., , 2012a .
Dual Purpose Chicken
Another strategy is the crossbreeding of layers and broilers to create "dual-purpose chickens" (e.g. Lohmann Dual) as a commercially marketed breeding line, thus gaining a compromise between meat and egg production. Lohmann Dual birds consume up to 30 g more per d, and therefore feed costs are calculated to be up to 50% higher for the entire laying period than for commercial layers. Additionally, Lohmann Dual hens not only laid a fewer number of eggs, but also showed a smaller egg size, thereby lowering egg mass output in addition. The eggs laid by Lohmann Dual chickens have a light-brown eggshell color. It was argued that these economic disadvantages and ecological imbalance of using more feed to produce less high-quality protein-food have to be accepted to take advantage of the higher meat production of dual-purpose birds compared to layer males. Compared to a slow-growing broiler, the live weight gain in Lohmann Dual is moderate. From wk 3 until 10 wk of age, dual birds and broilers grow further apart. In the fattening period, at 8 wk of age, male dual-purpose birds have a live weight of just about 2 kg, whereas a slow-growing broiler counterpart typically has a bodyweight of 3.2 kg.
Fed with broiler diets for 70 d, the dual cockerels reach a live weight of 3 kg, and a carcass weight of about 2 kg. In terms of carcass performance, there are hardly any differences between the dual cockerels and conventional broilers. The amount of valuable parts was at 50%. Unlike special broiler lines, the dual cockerels have a much lesser portion of breast meat in favor of the portion of the thighs. However, to date there have been no viable solutions to avoid significant economic losses, particularly regarding their food utilization and efficiency, when compared to specialized layers or broilers (Icken et al., 2013; Preisinger et al., 2014) .
IN OVO SEX DETERMINATION-NON-OPTICAL METHODS
Due to ecological and economic reasons, in ovo sex determination of specialized high-performance layer lines is currently the preferred method to avoid the culling of day-old male layer chicks. Over the past few years, several different approaches have been pursued in order to establish a method suitable for practical use in the hatchery.
There are several prerequisites for achievement of a sex determination method in chickens feasible on an industrial basis (Kaleta and Redmann, 2008) . The analysis needs to be rapid, cost-efficient, and highly precise, and must not have any considerable negative impacts on hatching rate, animal health, and/or performance. Additionally, sex determination needs to occur before pain perception has evolved in the chick embryos . The ability of bird embryos to experience in ovo nociception is no longer in question (Bjørnstad et al., 2015) . The first sensory afferent nerves develop in the chicken embryo on the d 4 of incubation, but a synaptic connection to the spinal cord is not present before d 7 of incubation, which makes nociception impossible in the first third of incubation Glover, 1995, 1997) . Therefore, no sensitivity of the chick embryo is to be expected before d 7 of incubation (Rosenbruch, 1994 (Rosenbruch, , 1997 Aleksandrowicz and Herr, 2015) . Imholt (2010) measured the maximum length and the maximum diameter of a total of 1,223 eggs of 6 commercial layer breeds and 6 fancy breeds for the comparison of genetically female and genetically male birds. Investigating a possible connection between the outer shape of the eggshell and the sex of the chick therefrom, the arithmetic mean of maximum length and maximum diameter were calculated for every single egg and subsequently compared with each other. While measurements showed that the outer shape of eggshells differed, it was not possible to correlate those differences to the sex of the developing chick with the used methods.
Morphometric Studies on Outer Shape of the Eggshell
Yilmaz-Dikmen and Dikmen (2013) carried out a similar study to determine the sex of fertilized white layer eggs by using morphological measurements. Before incubation, egg length, width and weight were measured of a total of 300 white layer eggs. Eggs were incubated and sexed at the end of incubation period. The egg volume and shape index were estimated by using these measurements for each egg. The effect of egg weight and replicate number was not significant on the sex of the hatching chick. Depending on the hatching chick's sex, the effects of egg shape index, egg length, egg width, and volume of the egg differed significantly. According to the results of this study, the authors assumed that morphological measurements of the preincubated egg might be an indicator of the hatching chick's gender. Webster et al. (2015) reported that volatiles from developing eggs of Japanese quail (Coturnix japonica) carry information on egg fertility, along with the sex and developmental status of the embryo. Specifically, it was shown that egg volatiles undergo change over the course of incubation, and differ not only between fertile and infertile eggs, but were also sex-predictive as early as d 1 of incubation. One of the volatile ketones that differed between eggs containing male and female embryos (2-undecanone) has previously been identified as a hormone-linked constituent of avian odor (Whittaker et al., 2011) . To date, however, there is no corresponding data on the likelihood of an in ovo sex determination in chicken based on odor attributes.
Egg Odor
Molecular Sexing Assays
Using a small amount of crude material, Clinton et al. (2016) developed a simple and robust procedure that permits rapid identification of the sex of individual embryos. The sexing assay is based on Hologic Invader R technology, an isothermal "PCR-free" approach which takes advantage of a thermostable structure-specific archaebacterial flap endonuclease (FEN) that cleaves nucleic acid molecules at specific sites, based on structure rather than sequence. Applying this procedure, sex can be determined in 5 to 15 min using either tissue fragments, small volumes of whole blood, or a small number of isolated cells. In all instances, the Hologic Invader R assay results agreed with the sex of embryos as determined by an established protocol. However, up to now the method was only developed for use under laboratory conditions.
Genetic Engineering
The production of transgenic chickens has increasing applications in biotechnology providing excellent model organisms for developmental biology research and bioreactors for pharmaceutical proteins. Very likely the application with the greatest global impact will be enhancing the security of chicken meat and egg production by generating chickens resistant to disease and/or featuring improved production traits (Tyack et al., 2013) . The genetic marking of sex chromosomes is also discussed as a possible route for in ovo sex determination in chicken. Studies by Quansah et al. (2013) and Doran et al. (2017) focused on the production of genetically engineered hens, and described the marking of the Z chromosome of breeding hens with green fluorescent protein. This method was successfully used for sex determination in layers, with the gender being deducted from sex-specific patterns of germinal disc fluorescence in non-incubated eggs (Bruijns et al., 2015) .
Evaluation of Hormon Concentration in the Allantoic Fluid
Evaluating the concentration of hormones in the allantoic fluid for sexing provides reliable results in later developmental stages of embryonic development only (Phelps et al., 2003; Tran et al., 2010) , at a time at which the embryo is likely to already feel pain. Weissmann et al. (2013) established a method for in ovo sex identification on d 9 of incubation by measuring estrone sulfate in the allantoic fluid. It was observed that male embryos displayed significantly lower hormone levels in the allantoic fluid compared to females. Predictive sexing accuracy was above 98% for in ovo sexing on d 9. Compared to an untreated control group, the hatching rate of the experimental group was reduced by 1.4 to 3.5 points of percentage (brown layers) and 12.7 points of percentage (white layers) due to sampling of allantoic fluid. For both groups, the hatching weight of the day-old chicks was the same. Further monitoring of the post hatching performance revealed that the use of allantoic fluid has negligible impact on the hens. Although distinctions in weight of control and experimental groups were observed during the rearing period, the adult hens' laying performance, egg and body weight did not differ significantly between the groups.
IN OVO SEX DETERMINATION-OPTICAL AND IMAGING METHODS
Other than morphometric, molecular biological, or biochemical methods of sex determination, there have been different optical and imaging methods successfully performed in birds. A great advantage of optical methods is their contactless application.
Reflectance Spectroscopy and Hyperspectral Imaging
Reflectance spectroscopy in combination with statistical data analysis was performed on 450 White Leghorn eggs from a young flock (24 wk of age). The eggs were measured on d 0, 1, 2, and 10. The data set underwent PCA discrimination using the Unscrambler platform and a neural-network classification model formulated for fertility and gender. Actual fertility was measured on d 10 of incubation, and the final sorting of gender was conducted at hatch. A comparison of actual and predicted results indicated that prediction capability is over 95% for fertility tested on d 0 and 90% for gender detection on d 10. Rozenboim and Ben Dor (2011) thus judged the reflectance spectroscopy method to be adequate for detection of gender of chicken embryos at mid-incubation period. Leiqing et al. (2016) described the use of hyperspectral imaging for in ovo sex determination, which uses a sensoring system capable of plotting high numbers of closely spaced wavelengths. However, by using different mathematical techniques, there was only a 75.0% to 82.9% chance of predicting the correct sex, and this method could only be used on d 10 of incubation. Göhler et al. (2017) described a non-destructive optical technique for sex determination in layer lines with sexspecific down feather color. The accuracy of sex determination was evaluated for 11-to 14-day-old embryos. Applying this method, the sex of the chicken embryo can be determined on d 14 of incubation with an overall accuracy of approximately 97%.
Fourier Transform Infrared Spectroscopy
Sex determination using Fourier transform infrared (FTIR) spectroscopy is already feasible in the nonincubated egg. This is because the germinal disc of a freshly laid and fertilized chicken egg is composed of between 40,000 to 60,000 blastoderm cells, which contain genetic information and thus can be used to determine gender (Steiner et al., 2011) . Several imaging methods have been employed to locate the germinal disc in previous studies (Klein et al., 2002; Bartels et al., 2008; Burkhardt et al., 2011) . However, the eggshell poses an impenetrable barrier for optical analysis; therefore, optical access is critical for spectroscopic gender determination. An opening of the eggshell is achieved with a suitable CO 2 -laser at the pointed egg pole, thus providing a precisely circumscribed ablation in the calcified shell in a fraction of a second. The circular movement of the highly focused laser beam creates a predetermined breaking point, leaving just a thin connecting bar in the calcified shell. This prevents the high-energy laser radiation from entering the egg and harming the early embryo. Currently, a shell fenestration of 12 mm in diameter is required for this process. Effects of egg windowing at different time points on hatching rates were observed in a breeding experiment, where a total number of 4,736 eggs was divided into several groups (one control group [n = 2,211] and groups in which an egg shell opening was achieved after 0 h [n = 515], 24 h [n = 801], and 72 h [n = 1,209] of incubation, respectively). The most notable result was that in nonincubated eggs, opening of the shell resulted in a drastic reduction of the hatching rate (6.6%). In contrast, when eggs were incubated for 72 h, the same manipulations had considerably less effects on embryonic development with a hatching rate of 80.9% (Bartels et al., 2014) . The blastoderm appears to be highly sensitive to any environmental changes during that time, as it has already been described in the literature (Fineman et al., 1986) .
Raman Spectroscopy
Raman spectroscopy, another type of vibrational spectroscopy, uses monochromatic light to illuminate the object under examination. The spectrum of scattered light is analyzed following its interaction with the sample. Raman spectra are unique for each molecule and are often referred to as a "molecular fingerprints." As the biochemical composition of cells of female and male birds is slightly but significantly different, Raman spectroscopy allows in ovo sex identification based on the spectral signature of germinal or blood cells (Harz et al., 2008; Galli et al., 2016) .
By choice of a near-infrared (NIR) excitation wavelength (e.g. 785 nm), damaging of live cells can be avoided since photons in NIR do not carry enough energy to induce molecular changes. NIR Raman spectroscopic studies were used to find differences in nucleated blood cells in a study conducted by Galli et al. (2016) . Eggs were incubated for 80 to 88 h until an extraembryonic vascular system was established. Hence, eggs were opened at the pointed end using the CO 2 -laser method described above. It was found that the air pocket located at the blunt end of the egg gradually decreases after opening of the shell. As a result, the embryo changes position, resulting in a downward movement of about 5 mm occuring within the first few minutes after opening. Regardless of this, the vascularized area of the embryo keeps floating above the yolk and remains on the surface. The hatching rate for eggs with a shell window of 10 mm in diameter was determined at 95% in comparison to eggs without perforation. A 2-mm larger perforation led to a slightly lower hatching rate of ∼ 91%. However, the diameter of the shell window required for measurement is primarily determined by the optical accessibility with a high numerical aperture objective. In the studies described by Galli et al. (2016) , a shell window of 12 mm in diameter consistently enabled vessel sampling without clipping the laser beam. In order to display the embryonic vessels, a camera system was developed which automatically selects a suitable vessel within the aperture and positions the focus of the laser beam. During spectroscopic measurement, the vessel is held in place by automated tracking (auto-focusing/tracking).
The excitation of Raman scattering is performed by a diode laser emitting a wavelength of 785 nm, which is connected to the microscope by a 100 μm optical fiber. The laser is then focused on the samples using a long working distance microscope objective. The precise focus of the excitation laser on a blood vessel is essential for high accuracy of the spectrosopic in ovo sexing. Although the recorded in ovo spectra appear to be distinguishable in terms of the early embryo's gender, a relatively broad, overlapping range will lead to a low accuracy of spectral-based classification. As variation of the spectral signals is quite large, it is not possible to classify the spectra by a simple evaluation of band intensities. More sophisticated methods for data analysis and supervised classification have to be applied. The obtained spectra were analyzed by chemometric methods as a superposition of high fluorescence intensity and weak Raman bands, which correspond mainly to hemoglobin, lipids, and nucleic acids. The classification process relies on the fact that the sex chromosomes of carinate bird species are different. This can also be found in the chicken, where the total amount of DNA is about 2% higher in males (Steiner et al., 2011) .
The recorded Raman signal is plagued by a strong background fluorescence signal, mainly originating from hemoglobin (Chaiken et al., 2009 ). Further observations showed that spectral analysis of the near-infrared fluorescence signal of blood flowing within extraembryonic vessels can indeed provide information on the sex of domestic chicken eggs (Galli et al., 2017a,b) . Figure 1 shows typical in-ovo Raman spectra obtained from male and female embryos. Clear spectral differences are marked and assigned to molecular groups. Spectra of male embryos exhibit stronger phosphodiester linkage stretching vibrations of nucleic acids and C-C stretching modes, respectively. Spectra of female embryos show slightly stronger amide III and CH x deformation modes. The median fluorescence signal was stronger for male embryos compared to females, which may be due to a [Galli et al., 2016] ).
higher hematocrit proven at d 13, 15, and 18 of incubation (Morita et al., 2009) .
As both NIR-excited Raman analysis and fluorescence spectroscopy are harmless and contact-free, the risk of contamination is very low. The in ovo fluorescence signals of embryonic female and male samples are represented in Figure 2 . Although spectra of male embryos on average show higher fluorescence intensities than those of female ones, highly sophisticated methods of data analysis have to be performed to achieve a reliable spectral classification. Raman and fluorescence spectroscopy was also used to determine the sex [Galli et al., 2017a] ).
without removing the inner egg shell membrane. Egg sexing based on supervised classification of the spectral features attained an overall correct rate of 91% (Galli et al., 2017c) . This simplifies the whole process automatization and offers the best premises for deployment in the layer industry.
The openings in the female eggs are sealed using biocompatible adhesive tape (3 M Durapore TM , 3 M Deutschland GmbH, Germany), and these eggs can then be further incubated until hatch. Davenel et al. (2015) tried to develop a non-invasive method based on magnetic resonance imaging (MRI) for an in ovo sex determination in domestic chicken. Besides the embryo, the MRI sequence, particularly the T1 weighed images, allowed to differentiate very clearly albumen, vitelline sac and the allantoid and amniotic cavities, but their measurements did not highlight significant differences between both sexes.
Magnetic Resonance Imaging
DISCUSSION AND CONCLUSIONS
Worldwide, researchers have sought for a solution to the animal welfare problem of the culling of approximately 7 billion day-old male layer chicks per year (Poultry Site, 2015) , with this issue not only being present in the scope of conventional egg production (cage, barn, and free range eggs), but also in the ecological production of laying hens. Although different approaches have been used in the past to replace culling by sexing the chicks before hatching, no method has proven to be suitable for everyday use (Aerts et al., 2009) .
Some of the currently proposed approaches to prevent the culling of male chicks are not practicable for largescale application, either due to economic aspects, low acceptance by the consumer (e.g., dual-purpose chickens or the production of transgenic animals) or insufficient precision. For example, approaches to influence hens to produce more female eggs showed that while sex ratio can be influenced, the practical application is uncertain and currently impracticable (Aslam et al., 2013 (Aslam et al., , 2014 (Aslam et al., , 2015 . The measurement of hormone levels in the allantois can only provide results after 9 to 10 d of incubation at the earliest (Phelps et al., 2003; Tran et al., 2010; Weissmann et al., 2013 Weissmann et al., , 2014 , and at this time the embryo most likely has already developed the ability to feel pain. Despite this, neither the problem of culling nor the marketing of male embryos at this late developmental stage has yet been brought to a practical solution. Culling by use of CO 2 through the egg shell would be prolonged and unreliable (KrautwaldJunghanns et al., 2015) .
The optic method presented is conducted in a much earlier phase of incubation. Considering that an extraembryonic blood vessel system has already developed within 3 d of incubation, the genetic information contained in blood cells (which contain a nucleus in birds) can be used for contactless sex determination (Galli et al., 2016 (Galli et al., , 2017a . By focusing a stimulating laser on a small vessel, achievement of sex determination is currently possible with a specificity/sensitivity of >95%.
The advantages of the presented spectroscopy and/or fluorescence approach not only lie in its high precision and short analysis time, but also in its opportunity to utilize early embryonic stages for analysis. Especially the exploitation of fluorescence bears the potential to develop industrial systems for egg sexing which are not based on expensive spectrometers, but just make use of few light detectors with suited bandpass filters to measure the signal intensity in selected spectral ranges. Eggs determined as male can immediately be removed from the egg trays after sexing. This would, first, result in an improved utilization of loading capacity in the incubators at an early stage, and second, there would be a proportionately greater yield of male eggs containing high-quality proteins and relatively small amounts of embryonic tissue after 80 to 88 h of incubation. Depending on national regulations, these could be sold for use as quality end-products (e.g., fish feed).
However, in a practical view, the use of Raman and fluorescence spectroscopy depends on additional studies considering parameters as egg size, egg age, and egg storage conditions, as these factors could possibly affect the accuracy of spectroscopic in ovo sex determination.
A disadvantage of most methods for sex determination in eggs is the required perforation of the egg shell. Up to now, NIR Raman spectroscopy as well as fluorescence spectroscopy necessitates a 12 mm diameter opening in the egg shell, which can be generated by a CO 2 laser. Overall, the effect of the laser used for shell perforation is negligible. However, the manual levering of the shell results in a reduction of hatching rate of about 10%. Manual opening can impair embryonic structures and lead to developmental disorders or embryonic death. Furthermore, it cannot be applied under practical conditions in the future. Further research on the development of methods for a fully automated shell opening process is currently ongoing.
In ovo sex determination has a true potential to end the culling of male chicks in the egg-producing industry, but full automatization of the processes to guarantee high sexing speed and fulfill industrial demands is required to allow transfer of this technology inside the hatcheries in the near future (Galli et al., 2017b) .
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